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Opportunity: Landscape of the Energy Frontier
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We've reached the peak energy.  Future searches require precision!!!

FCC options are on a different time scale



Measurements of Drell-Yan cross

sections at 13 TeV with CMS ... for example ...

James Stirling Memorial Conference
September, 2019
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Introduction

at the LHC (e.g. sin2Byw and W mass

* Measurements of W and Z production at the LHC can constrain PDFs in the
relevant phase space

* In-situ constraints can also be used to constrain PDFs in the context of
the measurements themselves (e.g. CMS weak mixing angle
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* Purpose of this talk is to show a short summary on the differential Drel-Yan

cross 1sgection measurements using dilepton events in CMS with 13 TeV :




Delivered Luminosity [fb ]

The Key to Understanding: The Parton Model and Factorization 4
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Theoretical
Calculations

The theory community has been busy ...

From talk by Leandro Cieri at Moriond QCD 2019:
NNLO HADRON-COLLIDER CALCULATIONS VS. TIME
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“ PDF uncertainties are among the leading uncertainties in the first LHC precision measurements by CMS” Jan Kretzschmar



Why do proton PDFs
depend on nuclear data

S Nuclear
PDFs




Impact of Nuclear Data on Flavor Decomposition

NNPDF3.1 NNLO, Impact of nuclear+deuteron fixed-target data , Q = 100 GeV
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Where do nuclear
correction factors
come from???



Where do nuclear corrections come from

2227

We need to deal
with the Nuclei
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... the motivation for nCTEQ

saturation

hon-linear QCD
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resummation

higher twist

DGLAP violation??? isospin
violation

quark-gluon

plasma
Nuclear
PDFs

target mass
shadowing corrections

hi-x

low-Q? e.g. flavor

differentiation jet
-

quenching

Data from nuclear targets play a key
role in the flavor differentiation

nCTEQ

nuclear parton distribution functions
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Nuclear PDFs:

Data sets & cuts for nPDF fits

NCDIS & DY
SLAC E-139 & E-049
N=(D, Ag, Al, Au, Be,C, Ca, Fe, He)

CERN BCDMS & EMC & NMC
N=(D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W)

DIS Cuts:
nCTEQ: Q>2.0 & W>3.5
EPPS16: Q>2.0 & W>3.5
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proton vs nuclear: fewer data and more DOF ... impose assumptions on nPDFs



NNPDF Nuclear PDFs 12
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TUJU19 nPDFs at NLO & NNLO:

... XFitter

13

Open-source QCD analysis of nuclear parton distribution Functions at NLO and NNLO

Institute for Theoretical Physics, University of Tiibingen, University of Jy
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Future Facities: Kinematic Coverage {x, Q?} 15
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Complementary: LHeC and EIC

A 3

Ir
Different Kinematic Regions Tim Hobbs
PDFSense: B.-T. Wang, et al.,

Cross-Checks are Crucial!!! Phys.Rev. D98 (2018) n0.9, 094030
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Complementary: LHeC and HL-LHC
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Complementary: LHeC + EIC + HL-LHC

18
Sensitivity S*: Sr
Correlation times S ~ C T — D
the scaled residual: F f <74> (S T ~
exp o
| Sy | for d(x,u), PDF4LHC15 NNLO
104_—
i‘ms:"ﬁél-‘IL“I;HC+ EIC + LHeC
of i | a 5

‘S\(W j—“'Hléh]lg'ﬁté'd}éhﬁé:"'"""5' """"" ¥ A |

oM s >025 iy
'“S‘ ' E 2.4
‘ % hlghllghled rang;: _____ ?g
SRR R AT R g 12
= 0.8
EIC + LHeC + HL-LHC & o
Maximal coverage o2

PDFSense: B.-T. Wang, et al.,
Phys.Rev. D98 (2018) no.9, 094030




19

PDF Update

What are the challenges & opportunities

It will have high statistics for a wide variety of NUCLEI

Nuclear corrections are inextricably linked
to the PDF flavor differentiation

It allows us to push to HI-X
W cuts eliminate much of this region
Higher-twist, factorization violations, ...
Test models in x—1 limit, e.g., d/u, ...

It allows us to push to 1OW Q
Q cuts eliminate much of this region
Explores the parton/hadron transition
Study non-perturbative collective phenomena




EIC can push these boundaries

Hadron / Parton Transition: 20
Higher Twi body problem, duality, hi j -
igher Twist, many body problem, duality, hi-x, mass corrections ... | o™
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1 4 4.5 ... 1n particular, the
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to
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Start with JLab Data: Challenges at Large x & Low Q?
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INNOVATIVE
IDEAS

borrow from Al



Artificial Intelligence Tools: Projector tool of Google TensorFlow

23
Reads two .tsv files with vectors and metadata (descriptions of data points)
CTEQ-TEA residuals CTEQ-TEA residuals
. : T . PBA o, ) T'S“E
Ten e, v ) / ,"“’
L ] . ft'; “; . - - % ? . . .' x'~
e A R 1 TR : %
IS ¥ o 7O TP ALK .
. . "' 'l: W" o i y w o .
NP 1 AR ‘e ; LRy 4
. '.E’::“" 3 ﬂ“ o ’ v
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) .. {1& . ’ o 1 (? «I l"im
. LM e e .\
.. -:3!..;%? . vm;.:‘. ) o A . .
RO L - e\ 3
. . » DIS o ® DIS %'3' 1;‘
VBP by, yok :
« Jets, tT * Jets, tT “
Principal Component Analysis (PCA) t-distributed stochastic neighbor
visualizes the 56-dim. manifold by  ppFSense embedding (t-SNE) sorts vectors
reducing it to 10 dimensions tool according to their similarity
(a la META PDFs)

https://metapdf.hepforge.org/PDF Sense/ http://projector.tensorflow.org
Dynamical projections for the visualization of PDFSense data

Dianne Cook, Ursula Laa, German Valencia arXiv:1806.09742



Lattice QCD Constraints on PDFs 24
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Parton Distributions and Lattice Calculations in the LHC era
(PDFLattice 2017) 22-24 March 2017, Oxford, UK

Review Progress in Particle and Muclear Physics 100 (20187 107 -160

Parton distributions and lattice QCD calculations:
A community white paper

Huey-Wen Lin '*“, Emanuele R. Nocera **#, Fred Olness ~, Kostas Orginos "/,
Juan Rojo " (editors), Alberto Accardi /'Y, Constantia Alexandrou '"'?,
Alessandro Bacchetta '°, Giuseppe Bozzi ', Jiunn-Wei Chen '#, Sara Collins '°,
Amanda Cooper-Sarkar '°, Martha Constantinou '/, Luigi Del Debbio “,

Table B.1
Status of current lattice-QCD calculations of the first moments of unpolarized PDFs. All results are quoted at ? = 4 GeV?. We use the abbreviations Disc
(discretization), QM (quark mass), FV (finite volume), Ren (renormalization) and ES (excited states) to denote the corresponding sources of uncertainty.

Collab. Disc [fm]

ETMC 15 0.06, 0.08
ETMC 15 0.06-0.09
RQCD 14 0.06-0.08

0.08

Ln
B
=
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ETMC 13
¥QCD 13
¥QCD 13
¥QCD 13

ETMC 13
¥QCD 13
QCDSF 12
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PDF Moments

EIC Pseudo-Data: Lattice QCD Constraints:

EIC-CC e+p
EIC-NC e+p
EIC-CCe-p
EIC-NC e-p
ATL8tth-y_tth'16
ATL8ttb-mtt'16

C

I
[ [ | {ATL8ttb-pt'l6
- bﬂENﬁamm
[ | | JATL7Zpt'14
— ]

CMS8jets'17
ATLASTjets'15
CMS7jets'14
CMS7jets'13
ATL7jets'12
D02jets'08
CDF2jets'09
ATL7WZ'12
LHCb8WZ'16
LHCb7ZWrap'15
LHCbh7WZ'12
ZyCDF2'10
ZyD02'08
ATL8DY2D'16
LHCb8Zee'15
E866pp'03
E866rat'01

E605'91
DO02Easy2'15
CMS7Easy'12
CMS7Masy2'14
CMS8Wasy'16
LHCb7Wasy'12
D02Masy'08
CDF2Wasy'05
CDF1Wasy'96
HERAI+II'15 NC e-p
1P| | ]HERAI+I'I5CCe-p
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The coming synergy between lattice QCD and high-energy phenomenology



... a brief tour

of the flavors
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d-bar/u-bar Ratio:

A Longstanding Puzzle
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More 1nteresting things,

particularly at large-x
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CTEQ-CIJ: Phys.Rev. D84 (2011) 014008
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Nuclear Gluon:

CHALLENGING!

RHIC Pion Production 32

PHENIX & STAR:
Pion Production in p+p and d+Au
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Nuclear Gluon:

Could we use Direct Photon???

F. Olness

=
=

Historically Challenging
Intrinsic K Issues

Recent improvements in
resummation techniques

—
[ |

Data/Theory

10

WATO V=230 GeV Direct Photon production

UAG s=24.3 GeV
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= CDF v¥s=1800 GeV |
0 D +s=1300 GeV WL

The CTEQ List
of Challenges in ~1995
Perturbative QCD

CTEQ

NLO Theory
L= Pr {2 From Jeff Owens

CTEQ4M parton distributions
Stat and sys uncertainties combined

ﬂ% +
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Progress on
strange PDF

true
uncertainty
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What's so strange
about this second
generation quark?




Di-muon production = Extract s(x) Parton Distribution 35

Extract s(x) Extract s(x) .

Depends on

nuclear
corrections
Can extract s(x) and s(x) separately Used in CTEQ Fits
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Strange Quark PDF

& Nuclear Corrections

36
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Strange PDF from LHC Measurement
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what about the

Generalized PDFs
GPDs, TMDs

A e+p—e+p+JY

6.2<Q%< 155 GeV?
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Wigner: W(K,r)
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41
DIS an ideal OCD Laborator

“QCD is our most perfect physical theory” Frank Wilczek
“EIC would unlock scientific mysteries” NAP Report

Ideally suited to *“ ... glean the fundamental insights into QCD”

DGLAP violation???

saturatio resummation

QCD 5 s :..1 isospin
‘ / violation

quark-gluon
plasma

M Nuclear
PDF's
Jet

quenching

S 0w -Q?

twist
non-linear QCD

target mass
shadowing corrections

41

F. Olness
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What are the challenges & opportunities

It will have high statistics for a wide variety of NUCLEI

Nuclear corrections are inextricably linked
to the PDF flavor differentiation

It allows us to push to HI-X
W cuts eliminate much of this region :
Higher-twist, factorization violations, ...
Test models in x—1 limit, e.g., d/u, ...

kinematic plane of the experimental data (in x,Q?)
T T T T T T

It allows us to push to |lOW Q b S
Q cuts eliminate much of this region v
Explores the parton/hadron transition
Study non-perturbative collective phenomena

10k bl target
i \ \ i i 3
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Nuclear PDF

The Ingredients



Mechanics of nPDFs
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1) Multiplicative nuclear correction factors (HKN, EPPS, DSSZ)

... for example
HKN

Ri(z,Q0, A) = 1 + (1 _

1 ) a; + bz + c;z? + d;a®
A«

(1 — )P

2) Generalized A-parameterization (nCTEQ)
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Nuclear PDFs:

Complementary efforts in general agreement

46

—n 0.8

wcTEQs |07 N e
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DSSZ 0.5 R HKNO7

HKNO7 o4 N 0=10 GeV

EPS09: Eskola, Paukkunen, Salgado
HKN: Hirai, Kumano, Nagai
DSSZ.: deFlorian,Sassot,Zurita,Stratmann

Nuclear PDFs are more complex )
more DOF than Proton case

more “issues’ to consider

more work to do ...
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With new tools we can now fit this data: nCTEQ++

49

« A complete rewrite of the nCTEQ FORTRAN fitting code in C++
 Changed the code to allow for modules when building a PDF

Evolution
Interpolation
Parameterization [ PDE } nCTEQ++
 Use external programs
 Minuit ﬂ
« HOPPET { Cuts ] [Theory Predicﬁons] Ej\>
- MCFM N
- APPLgrid ﬂ @ [ Miniicer J
[ Data Sets ] :> [ Chi2 ] <//>I'

Special thanks to:
Florian Lyonnet [ Outputer
Tomas Jezo

Aleksander Kusina

Fred Olness - SMU 49/53
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LHC p-Pb
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W/Z Data in fit: LHC p-Pb 1

—— noNorm4 208 82
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—— nCTEQ15 208 82
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DIS at DUNE >3

Extract vH from C and CH?2 targets:

vH — f:l:X Enhancing the LBNF/DUNE Physics Program

P. Bernardini!, S. Bertolucci?, M. Bhattacharjee?, B. Bhuyan?®, S. Biagi'!,
A. Caminata'®, A. Cervelli®, S. Davini'®, S. Di Domizio'*, L. Di Noto'?,
M. Diwan?, C. Distefano*!, H. Duyang®, F. Ferraro*®, A. Gabrielli?, M. Guerzoni®,
EPPSU 2020 Contribution B. Guo®, M.A. Iliescu™, G. Laurenti®, G. Mandrioli®, N. Mauri?, S.R. Mishra®,
N. Moggi?, A. Montanari®, M. Pallavicini®®, L. Pasqualini?®, L. Patrizii®, R. Petti’,*
M. Pozzato®, P. Sapienza'l, F. H. Sawy’, G. Sirri®, L. Stanco®, A. Surdo?, M. Tenti'",
F. Terranova'®, G. Testera!®, M. Torti'®, N. Tosi® R. Travaglini®, and S. Zucchelli?
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